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A B S T R A C T

Purpose
Chromosomal rearrangements involving the ROS1 receptor tyrosine kinase gene have recently
been described in a subset of non–small-cell lung cancers (NSCLCs). Because little is known about
these tumors, we examined the clinical characteristics and treatment outcomes of patients with
NSCLC with ROS1 rearrangement.

Patients and Methods
Using a ROS1 fluorescent in situ hybridization (FISH) assay, we screened 1,073 patients with
NSCLC and correlated ROS1 rearrangement status with clinical characteristics, overall survival,
and when available, ALK rearrangement status. In vitro studies assessed the responsiveness of
cells with ROS1 rearrangement to the tyrosine kinase inhibitor crizotinib. The clinical response of
one patient with ROS1-rearranged NSCLC to crizotinib was investigated as part of an expanded
phase I cohort.

Results
Of 1,073 tumors screened, 18 (1.7%) were ROS1 rearranged by FISH, and 31 (2.9%) were ALK
rearranged. Compared with the ROS1-negative group, patients with ROS1 rearrangements were
significantly younger and more likely to be never-smokers (each P � .001). All of the ROS1-positive
tumors were adenocarcinomas, with a tendency toward higher grade. ROS1-positive and
-negative groups showed no difference in overall survival. The HCC78 ROS1-rearranged NSCLC
cell line and 293 cells transfected with CD74-ROS1 showed evidence of sensitivity to crizotinib.
The patient treated with crizotinib showed tumor shrinkage, with a near complete response.

Conclusion
ROS1 rearrangement defines a molecular subset of NSCLC with distinct clinical characteristics
that are similar to those observed in patients with ALK-rearranged NSCLC. Crizotinib shows in vitro
activity and early evidence of clinical activity in ROS1-rearranged NSCLC.

J Clin Oncol 30:863-870. © 2012 by American Society of Clinical Oncology

INTRODUCTION

Recent advances with targeted therapies have led to a
major paradigm shift in oncology. The success of
epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitors (TKIs), such as erlotinib and, more
recently, the ALK/MET TKI crizotinib, highlights
the need to match targeted therapies to the appro-
priate genetically defined patient population.1-4

Thus, rapid and efficient identification of key driver
genes in non–small-cell lung cancer (NSCLC) is be-
coming increasingly important.5 Clinical screening
efforts have revealed that the most common muta-
tions in lung cancer specimens involve KRAS and
EGFR, along with 10 other genes that show a preva-

lence of mutation in 5% or less of tumors. The ALK
gene is rearranged in 3% of patients with NSCLC
and has been the focus of intense basic and clinical
research over the last 3 years.6-8 Even with large-scale
genotyping efforts, 40% of NSCLCs do not have an
identifiable driver mutation.

Our interest in exploring chromosomal rear-
rangements other than ALK as potential drivers in
lung cancer has led us to study ROS1, a gene recently
shown to be involved in chromosomal transloca-
tions in lung cancer.9 ROS1 is a receptor tyrosine
kinase of the insulin receptor family. Chromosomal
rearrangements involving the ROS1 gene were
originally described in glioblastomas, where ROS1
(chromosome 6q22) is fused to the FIG gene
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(chromosome 6q22 immediately adjacent to ROS1),10-12 and have
been shown to be transforming in transgenic mice.13 More recently,
ROS1 fusions were identified as potential driver mutations in an
NSCLC cell line (HCC78; SLC34A2-ROS1) and an NSCLC patient
sample (CD74-ROS1).9 These fusions lead to constitutive kinase ac-
tivity and are associated with sensitivity in vitro to TKIs. Our prior
studies of the activity of the ALK inhibitor TAE684 in a large panel of
cancer cell lines showed that the HCC78 cell line is among the 10 most
sensitive cell lines.14 Because the other nine lines have ALK abnormal-
ities (translocations or amplifications), the data suggest that ROS1 is
inhibited as an off-target effect of TAE684. Currently there are no
ROS1-specific agents in clinical trial. The clinical characteristics of
patients with ROS1-rearranged NSCLC have not yet been described.

Here, we determine the prevalence of ROS1 rearrangements in
NSCLC and define the clinicopathologic characteristics of ROS1-
positive tumors, with the identification of 18 patients with ROS1-
rearranged NSCLC (approximately 2% of screened patients). Our
data indicate that ROS1-positive NSCLCs arise in young never-
smokers with adenocarcinoma, which interestingly is a profile similar
to patients with ALK-rearranged NSCLCs. In vitro studies suggest that
the ALK/MET inhibitor crizotinib may effectively inhibit the growth
of ROS1-positive tumors.

PATIENTS AND METHODS

Study Population

The study included an institutional review board–approved retrospec-
tive analysis of a series of 1,073 patients with NSCLC seen at Massachusetts
General Hospital (MGH) Cancer Center (n � 574), Vanderbilt University
Medical Center (n � 443), University of California Irvine Medical Center
(n � 52), and Fudan University Shanghai Cancer Center (n � 4). For all
patients, medical records were reviewed to extract data on clinicopatho-
logic characteristics, including age, sex, stage, histology, overall survival
(OS), and smoking history. OS was measured from the date of diagnosis
until the date of death; patients lost to follow-up, deaths unrelated to
NSCLC, or patients alive and well were censored. For the patients in the
crizotinib trial, responses were classified by using standard Response Eval-
uation Criteria in Solid Tumors (RECIST), version 1.0.

Molecular Pathology and Fluorescent In Situ Hybridization

Hematoxylin and eosin staining was performed on 5-�m sections from
formalin-fixed paraffin-embedded (FFPE) tumor tissue. All tumors were eval-
uated by at least two pathologists, classified using WHO criteria, and staged
according to updated American Joint Committee on Cancer TNM criteria. We
used a break-apart fluorescent in situ hybridization (FISH) approach using
BAC clones corresponding to the 5� (RP11-835I21) and 3� (RP11-1036C2)
sequences flanking the ROS1 gene labeled by nick translation in green and red.
FFPE slides were deparaffinized, treated with protease, codenatured with FISH
probes using a Hybrite slide processor (Abbott Molecular, Chicago, IL),
washed, counterstained, cover-slipped, and analyzed using an Olympus BX61
fluorescence microscope (Olympus, Tokyo, Japan) equipped with red, green,
and 4�,6-diamidino-2-phenylindole filters. Images were captured and ana-
lyzed using Cytovision software (Genetix, San Jose, CA). Positive cases were
defined as tumors harboring more than 15% of cells with split signals.

Reverse Transcriptase Polymerase Chain Reaction

ROS1 breakpoints were mapped using reverse transcriptase polymerase
chain reaction (RT-PCR) combined with Sanger sequencing of PCR products.
Only two ROS1 rearrangements have been mapped in NSCLC—the
SLC34A2-ROS1 fusion in the HCC78 cell line (fusing exon 4 of SLC34A2 to
exon 32 of ROS1) and the CD74-ROS1 fusion in an NSCLC patient sample
(fusing exon 6 of CD74 to exon 34 of ROS1). Thus, we performed analysis of
RNA from 14 ROS1-positive samples with sufficient tissue with a panel of PCR

primers including SLC34A2 exon 4 and CD74 exon 6 forward primers paired
each with a ROS1 exon 32 and exon 34 reverse primer. RNA was extracted
from FFPE tissue using the Agencourt Formapure method (Agencourt Biosci-
ences, Beverly, MA) and reverse transcribed using the Superscript III cDNA
synthesis kit (Invitrogen, Carlsbad, CA). The following primers were used to
determine SLC34A2-ROS1 or CD74-ROS1 breakpoints: SLC34A2 exon 4 for-
ward, TCGGATTTCTCTACTTTTTCGTG; CD74 exon 6 forward, CTCCTG
TTTGAAATGAGCAGG; ROS1 exon 32 reverse, GGAATGCCTGGTTTAT
TTGG; and ROS1 exon 34 reverse, TGAAACTTGTTTCTGGTATCCAA.

SLC34A2 exon 4 ROS1 exon 32

A

B

C

Fig 1. (A) A break-apart fluorescent in situ hybridization probe reveals separation
of the 5� ROS1 probe (green) from the 3� ROS1 probe (red) in a non–small-cell
lung cancer formalin-fixed paraffin-embedded specimen. Nuclei are stained with
4�,6-diamidino-2-phenylindole. Size bar � 10 �m. (B) Representative histologic
appearance of a ROS1-rearranged tumor, stained with hematoxylin and eosin,
showing a solid subtype of adenocarcinoma with highly atypical cytologic
features. (C) Sanger sequencing of a reverse transcriptase polymerase chain
reaction product from a tumor harboring a SLC34A2-ROS1 rearrangement.
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PCR amplifications were performed in an Eppendorf Mastercycler Gradient
(Eppendorf, Hamburg, Germany), using Platinum Taq polymerase (Invitro-
gen) under standard conditions with 40 ng of cDNA. cDNA was sequenced
using the BigDye 3.0 kit (Life Technologies, Carlsbad, CA).

Cell Line Crizotinib Sensitivity Testing

Human NSCLC lines PC9, HCC827, MGH006, NCI-H3122, and
HCC-78 cells (obtained from DSMZ, Braunschweig, Germany) were cul-
tured in RPMI 1640 supplemented with 10% fetal bovine serum (RPMI
1640 growth medium). Crizotinib purchased from ChemieTek (Indianap-
olis, IN), was dissolved in dimethyl sulfoxide for cell culture experiments.
For 72-hour drug treatments, 3,000 cells were plated in replicates of six into
96-well plates. After drug treatments, cells were incubated with CellTiter-
Glo assay reagent (Promega, Fitchburg, WI) for 10 minutes, and lumines-
cence was measured using a Centro LB 960 microplate luminometer
(Berthold Technologies, Oak Ridge, TN). For transfection experiments,
the HEK 293 cell line (ATCC, Manassas, VA) was cultivated in DMEM
(Mediatech, Manassas, VA) supplemented with 10% FBS. Two hundred
ninety-three cells were transfected with CD74-ROS1 or EML4-ALK E13;
A20 cDNA constructs using Superfect reagent (Qiagen, Valencia, CA)
according to the manufacturer’s instructions.

Western Blots

Cells were resuspended in lysis buffer (20 mmol/L Tris, 150 mmol/L
NaCl, 1% Nonidet P-40, 10% glycerol, 1 mmol/L EDTA, 1 mmol/L ethyl-

eneglycoltetracetic acid, and protease and phosphatase inhibitors), incu-
bated on ice for 10 minutes, and centrifuged for 5 minutes (15,000 rpm).
Protein concentration determination and immunoblotting were per-
formed as previously described.15 The phospho-ROS1, ROS1, phospho-
ALK (Y1604), and ALK antibodies were obtained from Cell Signaling
Technology (Danvers, MA). The actin antibody was purchased from Sigma
(St Louis, MO).

Expression Constructs

The 3FLAG-EML4-ALK E13;A20 (variant 1) construct has been described
previously.16 cDNA for CD74-ROS1 was synthesized by Geneart (Regensburg,
Germany). The cDNAs were subcloned into pcDNA3.1� (Invitrogen).

Statistical Analysis

Statistical Analysis consisted of the Fisher’s exact test (association of
genotype with dichotomous factors), �2 test, or t test (comparison of means).
The Kaplan-Meier method was used to estimate OS, and differences between
genotypes were compared using the log-rank test. Data analysis was conducted
using Prism 5.0b (GraphPad Software, San Diego, CA), and significance was
defined as P � .05. All P values were two-tailed.

Crizotinib Trial

Our study also includes preliminary data of clinical response in one
patient (MGH, Boston, MA) enrolled onto an open-label, multicenter trial of
the ALK/MET TKI crizotinib (Pfizer, La Jolla, CA; ClinicalTrials.gov identifier:

Table 1. Demographics and Clinical Characteristics of Patients With ROS1-Positive NSCLC

Demographic or Clinical Characteristic

All Patients
(n � 1,073)

ROS1 Positive
(n � 18)

ALK Positive
(n � 31)

ROS1
Negative

(n � 1,055)
P (ROS1 positive v

ROS1 negative)No. % No. % No. % No. %

Age, years
Median 62.0 49.8 51.6 62.3 � .001
Range 32-87 32-79 29-73 32-87

Sex
Male 523 49 7 39 17 55 516 49 .480
Female 550 51 11 61 14 45 539 51

Smoking history
Never-smoker 239 22 14 78 13 42 225 21 � .001
Light smoker 62 6 1 6 1 3 61 6
Smoker 695 65 2 11 3 10 693 66
NA 77 7 1 6 14 45 76 7

Ethnicity
Asian 45 4 5 28 2 6 40 4 � .001
Non-Asian 942 88 13 72 18 58 929 88
NA 86 8 0 0 11 35 86 8

Pathology
Adenocarcinoma 694 65 18 100 16 52 676 64 .019
Squamous 200 19 0 0 1 3 200 19
NSCLC, NOS 59 5 0 0 0 0 59 6
Adenosquamous 10 1 0 0 0 0 10 1
Other 38 4 0 0 0 0 38 4
NA 72 7 0 0 14 45 72 7

Stage
IA 218 20 1 6 1 3 217 21 NS
IB 140 13 1 6 1 3 139 13 NS
IIA 44 4 1 6 2 6 43 4 NS
IIB 87 8 0 0 1 3 87 8 NS
IIIA 139 13 2 11 5 16 137 13 NS
IIIB 73 7 2 11 2 6 71 7 NS
IV 327 30 11 61 12 39 316 30 .010
NA 45 4 0 0 7 23 45 4

Abbreviations: NA, not available; NOS, not otherwise specified; NS, not significant; NSCLC, non–small-cell lung cancer.
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NCT00585195). The trial was conducted in accordance with the Declaration
of Helsinki and was approved by the ethics committee at each participating
institution; patients on the crizotinib trial were required to give written in-
formed consent before enrolling onto that study. The crizotinib phase I study
was sponsored by Pfizer.

RESULTS

Development of ROS1 FISH and Patient Screening

Because only two cases of chromosomal rearrangements involv-
ing ROS1 in NSCLC have been published to date (including one
patient sample and one cell line, HCC78), little is known about the
natural history of these tumors, and their clinical characteristics have
not been established. To identify such patients from our clinical ar-
chives, we established a split-apart FISH assay to detect ROS1 rear-
rangements, using two bacterial artificial chromosome clones flanking
the ROS1 gene, one labeled red and the other labeled green. Using this
assay, we have confirmed the presence of the ROS1 rearrangement in
the HCC78 cell line and have performed retrospective analysis of
archived lung cancer specimens (Fig 1A). We observed 18 ROS1
FISH-positive NSCLCs in 1,073 tumors analyzed, for a prevalence rate
of 1.7%, and these rearrangements are mutually exclusive from ALK
rearrangement (ALK rearrangement was observed in 31 other tu-
mors). Although our FISH approach allowed us to determine the
presence of a ROS1 translocation within a sample, it provides no
information about the translocation partner, which may have impor-

tant consequences. Therefore, we used RT-PCR and sequencing to
confirm the presence of known ROS1 rearrangements and identify the
translocation partner in specimens with sufficient tissue to obtain
RNA. CD74 was found as the partner in five specimens, SLC34A2 was
found as the partner in one specimen, and no partner was identified in
eight specimens (Fig 1C). Four specimens were not tested as a result of
insufficient tissue.

Clinical Characteristics of Patients With

ROS1-Rearraranged Tumors

Analysis of the clinicopathologic characteristics of this cohort has
revealed that ROS1-positive patients define a new and important
genetic subtype of NSCLC (Table 1; the clinicopathologic details of
each of the 18 ROS1-positive patients are listed in Table 2). There is
significant overlap with ALK-positive NSCLC because ROS1-positive
patients tend to be younger (median age, 49.8 years) never-smokers
with a histologic diagnosis of adenocarcinoma.7 There is also an over-
representation of Asians (P � .001) and patients presenting with stage
IV disease, with the realization that those conclusions are based on
small numbers. Detailed histologic analysis of ROS1-positive NSCLCs
did not reveal a clear correlation with a subtype of adenocarcinoma.
The presence of signet ring cells, a common feature of ALK-rearranged
NSCLCs,17 was not common in ROS1-rearranged tumors. In fact,
there was a broad distribution of tumor grade; however, eight of the
tumors were poorly differentiated with highly atypical infiltrating
tumor cells (Fig 1B and Appendix Fig A1, online only). Kaplan-Meier

Table 2. Clinical Details of 18 Patients With ROS1-Positive NSCLC

Patient
No. Age (years) Sex Ethnicity

Smoking (No. of
pack-years) RT-PCR Stage Histology Subtype

1 42.0 Male Asian 0 Negative 1A AdCA Acinar (50%), solid (40%);
high grade

2 37.0 Female Asian 0 Negative 1B AdCA BAC, mucinous (90%), acinar
(10%)

3 53.0 Male White 0 Positive, CD74 exon 6,
ROS exon 34

IIA AdCA Acinar (60%), papillary (30%),
BAC nonmucinous (10%);
high grade

4 39.0 Female White 0 Negative IIIA AdCA Papillary (60%), acinar (40%);
high grade

5 32.0 Female White 0 Negative IIIA AdCA Acinar (100%); high grade
6 39.0 Female White 0 ND IIIB AdCA Acinar (100%)
7 51.0 Female Asian 0 Positive, CD74 exon 6,

ROS exon 34
IIIB AdCA Papillary (60%), acinar (40%)

8 71.0 Female White 0 Positive, SLC34A2 exon 4.,
ROS exon 32

IV AdCA Solid (100%); high grade

9 43.0 Male Asian 0 Negative IV AdCA Papillary (60%), acinar (40%)
10 79.0 Male White 75 Negative IV AdCA Solid (100%)
11 68.0 Male White 0 Negative IV AdCA Solid (100%)
12 55.0 Female White 23 Positive, CD74 exon 6,

ROS exon 34
IV AdCA Papillary (60%), acinar (40%)

13 65.0 Female White 10 ND IV AdCA Acinar (90%), papillary (10%);
high grade

14 47.0 Male White 0 Negative IV AdCA Acinar (100%)
15 39.0 Male Asian 0 ND IV AdCA Papillary (100%); high grade
16 44.0 Female White Positive, CD74 exon 6,

ROS exon 34
IV AdCA Solid (100%)

17 35.0 Female White 0 ND IV AdCA Solid (100%); high grade
18 57.0 Female White 0 Positive, CD74 exon 6,

ROS exon 34
IV AdCA Acinar (60%), papillary (30%),

BAC nonmucinous (10%)

Abbreviations: AdCA, adenocarcinoma; BAC, bronchioloalveolar carcinoma; ND, not determined; NSCLC, non–small-cell lung cancer; RT-PCR, reverse transcriptase
polymerase chain reaction.
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survival analysis of patients with metastatic NSCLC treated at one of
our institutions (MGH) reveals similar OS in patients with and with-
out ROS1 rearrangements (median OS, 663 days in ROS1-positive
patients and 607 days ROS1-negative patients; P � .42; Appendix Fig
A2, online only). The long survival in the MGH ROS1-negative cohort
likely reflects a bias toward patients with NSCLC subtypes with better
prognosis (eg, EGFR-mutant tumors) in our practice. This is sup-
ported by the observation that the median OS of the ROS1-negative,
ALK-negative, EGFR mutation–negative population is 472 days (data
not shown).

Crizotinib Inhibits ROS1 Activity and Cell Growth

In Vitro

Because we previously found that an experimental compound
TAE684 (primarily an ALK kinase inhibitor) effectively inhibited
the growth of the ROS1-rearranged NSCLC line HCC78, we ana-
lyzed whether crizotinib (primarily an ALK and MET inhibitor)
could also inhibit HCC78 growth. Our data indicate that crizotinib
is moderately effective at inhibiting HCC78 cells (Fig 2A), with a
growth inhibition curve between that of the ALK-rearranged H3122
and MGH006 lines and the ALK- and ROS1-negative lines PC-9
(EGFR mutant) and HCC827 (EGFR mutant) and a crizotinib-
resistant H3122 line. Inhibition of ROS1 phosphorylation by cr-

izotinib in the HCC78 cell line was moderate, supporting evidence
that ROS1 is likely the target of crizotinib in this cell line (Fig 2B).
To confirm this activity, we showed that crizotinib also inhibits
ROS1 phosphorylation in HEK 293 cells transfected with a CD74-
ROS1 fusion gene expression construct (Fig 3). This inhibition was
at concentrations similar to that at which crizotinib inhibited ALK
phosphorylation in HEK 293 cells transfected with an EML4-ALK
fusion gene.

Crizotinib Demonstrates Marked Antitumor Activity in

a Patient With Advanced ROS1-Positive NSCLC

To determine whether ROS1 rearrangement confers sensitiv-
ity to ROS1 inhibition in patients, we enrolled a ROS1-positive
patient with advanced NSCLC into an expansion cohort of the
early phase study of crizotinib.1 Details of this trial, including
design and eligibility requirements, have been reported previ-
ously.1 The patient is a 31-year-old male never-smoker diagnosed
with multifocal bronchioloalveolar carcinoma in August 2010.
Genetic testing of his tumor demonstrated no EGFR mutation or
ALK rearrangement. He was treated at an outside institution with
first-line erlotinib with no response. As a result of progressively
worsening symptoms and hypoxia, he was referred to MGH for
additional genetic testing and was found to be ROS1 positive. On
April 20, 2011, the patient was started on crizotinib at the standard
dose of 250 mg twice daily. In less than 1 week, he noted a signifi-
cant improvement in symptoms, and by 2 weeks, his hypoxia had
resolved. Restaging scans at 8 weeks demonstrated near complete
resolution of his multifocal lung tumor, which was subsequently
confirmed at 12 weeks (Fig 4). At the time of this report (6 months),
the patient continues on crizotinib with no evidence of recurrence.
This case suggests that patients with ROS1-positive NSCLC may be
exquisitely sensitive to therapeutic ROS1 inhibition.

DISCUSSION

We have screened our NSCLC tissue archives and have found that
approximately 2% of NSCLCs harbor ROS1 rearrangements. With
an estimated 200,000 new cases of lung cancer per year in the
United States, we extrapolate that there are 4,000 new ROS1-
rearranged tumors per year, approximately half as common as ALK
rearrangements in NSCLC.1,6-8,18 Chromosomal rearrangements
involving the ROS1 receptor tyrosine kinase gene were originally
described in glioblastoma, before their identification in NSCLC
and more recently in cholangiocarcinoma, suggesting that ROS1
may have roles in other tumor types as well.10-12,19 Because our
preclinical work has indicated that ROS1-rearranged tumors are
sensitive to a subset of kinase inhibitors, we expect that the identi-
fication of ROS1-rearranged tumors will build on the ALK model
for rapid validation of an emerging biomarker that will have a
long-term impact on diagnosis and treatment of lung cancer.

The clinical profile of patients with ROS1-rearranged NSCLCs is
remarkably similar to that of ALK-rearranged NSCLCs, including
young age of onset and nonsmoking history.7 The similar character-
istics suggest that the two genetic subtypes may share a common
pathogenesis, possibly sharing environmental or genetic risk factors.
However, we still have few clues as to the pathogenesis of ALK- or
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Fig 2. (A) Dose-response cell survival curves of ROS1-rearranged cell line
(HCC78) and ROS1-negative cell lines in response to crizotinib (nM); ALK-positive
lines H3122 and MGH006 are positive controls for crizotinib response, and the
PC-9, HCC827, and crizotinib-resistant H3122 CR lines are negative controls. (B)
Western blot reveals a three-fold reduction of phospho-ROS1 in HCC78 cells at
the same concentration (300 nmol/L) of crizotinib that results in near-complete
reduction of phospho-ALK in H3122 cells. Total ROS1 and ALK, as well as actin,
are shown as controls. The concentration of crizotinib is indicated above each
lane (in nM).
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ROS1-positive tumors, as well as what may be predisposing these
young nonsmokers to these specific genetic rearrangements. The his-
tologic appearance of ROS1-rearranged tumors is distinct from ALK-
positive tumors, with the only recurrent feature being the presence of
high-grade highly atypical infiltrating cells in one third of ROS1-
positive patients. Although ROS1 rearrangements are not limited
to young never-smokers with high-grade histology, knowledge of
this clinical profile will help clinicians select patients most likely to
harbor this genetic subtype and most likely to benefit from targeted

inhibitors such as crizotinib. Of all never-smokers in this study, 6%
harbor ROS1 rearrangements. Thus, together with ALK rearrange-
ments and EGFR mutation, ROS1 rearrangements can be added to
the growing list of NSCLC genetic subtypes that arise indepen-
dently from smoking.

We believe that definitive genetic subclassification of NSCLC
is increasingly important in patient management.20 FISH is cur-
rently the most effective diagnostic technology to detect chromo-
somal rearrangements in tumor tissue. Other assays include RT-PCR,
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Fig 3. Two hundred ninety-three cells were transfected with cDNAs encoding EML4-ALK E13;A20 or CD74-ROS1. At approximately 45 hours after transfection, cells
were treated with increasing amounts of crizotinib for 2 hours. Lysates were subjected to immunoblotting with antibodies specific for the indicated proteins.
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Fig 4. Response of an ROS1-positive patient with advanced non–small-cell lung cancer to crizotinib. Computed tomography scans of the chest were obtained (A and
C) at baseline and (B and D) after 12 weeks of crizotinib. Shown are (A and B) coronal reconstructions and (C and D) axial slices.
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immunohistochemistry, and next-generation sequencing. How-
ever, FISH may not be the optimal biomarker assay because of the
cost and need for technical expertise, although RT-PCR failed to
detect previously described rearrangements in a substantial num-
ber of FISH-positive cases. This suggests that alternative ROS1
partners or other CD74-ROS1 and SLC34A2-ROS1 breakpoints
will be uncovered. Our own work has shown that immunohisto-
chemistry is equally sensitive to FISH in the detection of ALK-positive
NSCLCs21 but is currently limited by the lack of commercially
available ALK antibodies. Currently, there are no effective ROS1
antibodies for the detection of ROS1 rearrangements in paraf-
fin sections.

For the expanded molecularly enriched cohort portion of the
phase I trial of crizotinib in advanced-stage NSCLC, greater than
1,500 patients were screened to identify the 82 patients who even-
tually were enrolled onto the expanded cohort of ALK-positive
patients.1 Although that trial is still ongoing, the objective response
rate has been consistent over time and is approximately 60%. One
of the most exciting lessons we have learned from this trial is that
drug development can be accelerated by matching the right gene
mutation to the right drug. The discovery of ALK rearrangements
in NSCLC was published in late 2007,8 clinical screening for ALK
rearrangements began by early 2008, and initial results of the phase
I trial were published in 2010. Definitive phase III registration trials
of crizotinib in this population have already been initiated, includ-
ing one with crizotinib as first-line treatment and another trial with
crizotinib as second-line treatment, and US Food and Drug Ad-
ministration approval was received in 2011. Our observation that
the ROS1-rearranged cell line HCC78 is at least moderately sensi-
tive to crizotinib and the observation that crizotinib inhibits ROS1
phosphorylation in controlled transfection experiments support
ROS1 as a bona fide target of crizotinib. That our ROS1-positive
patient has shown a remarkable response to crizotinib therapy
indicates that the clinical development of ROS1-specific kinase
inhibitors, including crizotinib and others,22 should be accelerated
and focused on this subpopulation of NSCLC.

In summary, we have found that approximately 2% of pa-
tients with NSCLC harbor ROS1 rearrangements. These patients

are typically younger never-smokers who may benefit from crizo-
tinib therapy.
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